Abstract: Aqueous solubilities of polychlorinated biphenyls have been correlated with topological molecular descriptors which are functions of local and global invariants of labeled hydrogen filled graphs. Morgan extended connectivity and nearest neighboring codes have been used as local graph invariants. The number of chlorine atoms in biphenyls has been employed as a global graph invariant. Present results show that taking into account correlation weights of global invariants gives quite reasonable improvement of statistical characteristics for the prediction of aqueous solubilities of polychlorinated biphenyls.
Introduction
Since the atmosphere is a significant pathway for the transport of organic pollutants, considerable efforts have been expended for the measurement of physicochemical properties that govern the movement of chemicals in the environment. Polychlorinated biphenyls (PCBs), a class of persistent organic chemicals, have attracted the attention of scientists in recent decades because they are found at an appreciable concentration in the * E-mail: castro@quimica.unlp.edu.ar; jubert@arnet.com.ar polar regions, presumably as a result of long-range atmospheric transport [1] . Although the manufacture and use of PCBs have been banned since 1979 [2] , these persistent organic pollutants remain widely distributed in the environment due to their chemical stability. Among the environmental pollutants that may be able to disrupt the endocrine system of human and animals, PCBs have been particularly noteworthy [3, 4] .
The ability of PCBs to mimic natural hormones may reflect a close relationship between the physicochemical properties encoded in the molecular structure of these compounds and the toxic responses they elicit in biological systems. Due to their remarkable insulating capacity and flame resistant nature, PCBs replaced combustible insulating fluids in capacitors and transformers and reduced the risk of fire in hospitals, schools, and factories. PCBs entered the environment as components of pesticides, plasticizers, and adhesives. The nonflammability and chemical stability of PCBs have contributed to the widespread environmental problems associated with these organohalogen compounds. The lipophilicity of these compounds is responsible for their accumulation in the food chain and the cause of adverse human health effects.
In light of the probable carcinogenic activity of these compounds [5, 6] and their tendency to be sorbed and bio-accumulated in aquatic environments, aqueous solubility (Sw) of the PCBs has been measured by a variety of investigators [7] [8] [9] [10] [11] . Recently, Puri et al [12] calculated Sw of PCBs using Mobile Order and Disorder Theory [7] [8] for a representative set of 61 molecules. They obtained good agreement between calculated and experimental solubility values of PCBs at 298.15 K (standard deviation = ±0.41 log units, Table 6 in Ref. 12 ) which demonstrates the utility and capability of Comparative Molecular Field Analysis (CoMFA)-predicted values of fusion enthalpies to calculate the Sw of any PCB. The aim of CoMFA [13] [14] [15] is to derive a correlation between the biological activity of a series of molecules and their 3D shape, electrostatic and hydrogen bonding characteristics.
Since there are other alternatives to predict Sw within the frame of the QSPR theory, we have looked for ways to improve these predictions. An option is the approach based upon correlation weights of local graph invariants [16] [17] [18] [19] , which has proved to be a suitable tool to calculate thermodynamic properties for a wide variety of molecular species [20] [21] [22] [23] [24] .
The aim of the present study was to develop simple and predictive models that correlate Sw of PCBs with Morgan extended connectivity and nearest neighboring codes. This study shows that this particular set of molecular topological descriptors makes up a suitable option to predict this physicochemistry property with a greater accuracy than previous approaches, so that these models provide a numerical value that can be used in cases when experimental data are unavailable.
Since the atmosphere is a significant pathway for the transport of organic pollutants, considerable efforts have been expended for the measurement of physicochemical properties that govern the movement of chemicals in the environment.
Method
The modeling of the Sw of PCBs was based on the optimization of the correlation weights of graph invariants in the Labeled Hydrogen-Filled Graph (LHFG) and in the Graph of Atomic Orbitals (GAO) versions. Since the methodological principles and specific formulae have been presented elsewhere [16] [17] [18] [19] [20] [21] [22] [23] [24] , it is not necessary to introduce them again.
The molecular descriptors are defined as
where CW is the correlation weight, a k is a chemical element that is image of the k-th vertex in the LHFG; ao k is the atomic orbital that is the image of the k-th vertex in the GAO; LI k is some numerical local invariant of LHFG or GAO. As local invariants (i.e.LIs) we have chosen the Morgan extended connectivity of zero ( 0 EC) and first ( 1 EC) order in the LHFG and also in the GAO nearest neighboring codes (NNC) in the LHFG.
The Sw of 61 PCBs have been reported in the literature [7, 8] . This molecular set has been chosen by Puri et al [12] to develop three-dimensional quantitative-structure-property relationship (3D-QSPR) models for prediction of enthalpies of fusion and their application to estimates of enthalpies of sublimation and Sw, and we have selected this set of PCBs to be able to make a direct comparison of our predictions with previous results.
We have chosen two calculation strategies to report results: (a) We have made calculations on the whole molecular set of PCBs (i.e. 61 molecules). (b) We have divided the complete molecular set into two partial sets: a training set (31 molecules) and a test set (30 molecules). The regression models were determined according to the training set and true predictions were made for the molecules belonging to the test set. Since in principle, the partition is arbitrary, we have tried several choices in order to determine the dependence of final results on such partitions. However, we have found that final results are nearly independent of the chosen partition, so that we report results for a typical choice. Tables 8-12 list the composition of each partial sets.
Results and discussion
As it is usual in these kind of calculations, we have tested more than one numerical probe. In order to reach internal consistency we have tried three different probes to test some possible dependencies on a particular one.
In Table 1 we present results of OCWLI based on local graph invariants in the LHFGs and in the GAO. From the results shown in Table 1 one can see that results are independent of the probes for each variable, so that they are internally consistent. Statistical characteristics are nearly the same in the five cases presented here. Such a situation is most likely due to the great similarity among molecular structures under consideration. In other words, descriptors calculated with the CWs often have equal numerical values. Under such circumstances, taking into account the global graph invariants becomes a reasonable concept of modeling for this molecular set. The optimization of correlation weights of the mentioned local invariants together with the number of chlorine atoms that are present in the LHFG of a PCB (denoted as N Cl ) and the number of 3p 5 orbitals which are present in the GAO of a PCB (denoted as N 3p5 ) may be considered one of the possible ways of defining local and global optimization scheme in the QSPR modeling. In other words, the QSPR analysis of PCBs descriptors are calculated as
Results derived from the calculation with Eqs. (3)- (4) are presented in Table 2 . One can see that statistical characteristics of models displayed in Table 2 are better than those ones given in Table 1 . Final results are also nearly independent of the chosen probe, as seen with data analyzed in Table 1 . Correlation weights for calculating D(a,LI) of Eqs. (3)- (4) are presented in Tables 3-7 . The results derived from the calculation the Sw of the PCBs with the optimized fitting linear polynomials are shown in Tables 8-12 .
The analysis of data shows satisfactory agreement among experimental and theoretical predictions of Sw. Particularly notable are the lower absolute average deviations for the test set, save the predictions derived from Eq. (11) Tables 8, 9 and 12 (training set), molecule 12 in Table 11 (test set)). Once again we found a good predictive capability in the fitting equations since in one case (molecule 12, Table 11 ) the deviation is rather large for a member of the test set. In order to judge the suitably of these findings we must take into account that results for test sets are true predictions and not the outcome of numerical fittings.
The comparison with previous results [12] for this molecular set shows the relative merits of the present approach. In fact, the average absolute deviation obtained by Puri et al was 0.32 (see Table 6 in Ref. 12) which is smaller than the present results. However, since the authors did not divide the total molecular set into a training and a test set, the solubilities calculated from their calculation of fusion enthalpies are not true predictions as are the results of this work.
Conclusion
The optimization of correlation weights of local and global graph invariants in the LHFG and/or GAO approaches may be considered a reasonably good tool to predict the Sw of the PCBs for the molecular set under consideration in the present study. The relative deviations are relatively low and true predictions are satisfactory. In fact, from a general viewpoint the average absolute deviations are rather small and in only one case have we found a relatively large deviation for a member of the test set. We conclude that the present approach based on the optimization of correlation weights of local and global graph invariants is a suitable way of predicting Sw of PCBs. This finding is in line with our previous findings about these special kinds of molecular descriptors. Global descriptors appear to be better variables than local ones in calculating Sw of this particular set of PCBs. Average absolute deviation = 0.37 Table 12b Model of the PCBs solubility with Eq. (9) based on D(a,NNC) -test set.
